ABSTRACT. The heat shock transcription factor 1 gene (HSF1) plays a key role in the heat stress response. We previously found a single nucleotide polymorphism (SNP) in the 3'-untranslated region (g.4693G>T) of HSF1 that was related to thermo tolerance in Chinese Holstein cattle through association analysis. However, it is not known whether other SNPs also affect thermo tolerance.In this study a novel SNP, g.1451G>T, was identified by DNA sequencing and genotyped using creating restriction site-polymerase chain reaction methodology. The g.1451G>T polymorphic site met Hardy-Weinberg equilibrium (P > 0.05). Association analysis demonstrated that this SNP had no effect on thermo tolerance traits in Holstein cattle. Findings of the study compared to the analysis of g.4693 G>T further indicated that g.4693 G>T may play an important role in thermo tolerance, although the mechanism is not clear. RNA hybrid and Targetscan prediction showed that the minimum free energy hybridization of bta-miR-484 with HSF1 3'-UTR was -31.9 kcal/mol and g.4693 G>T was in the seed sequence of bovine HSF1 that binds to bta-miR-484. Analysis by Luciferase assay indicated that HSF1 expression was directly targeted by bta-miR-484 in HEK 293T cells, and the Rluc/luc ratio of wildtype (GG) was lower than that of the mutant (TT) (P < 0.05). These results suggest that g.4693 G>T affects binding of HSF1 to bta-miR-484.
INTRODUCTION
MicroRNAs (miRNAs) are a class of small, non-coding RNAs with important roles in the regulation of gene expression through posttranscriptional degradation or translational repression through base pairing to target mRNAs (Bartel, 2009; Voinnet 2009 ). MicroRNAs are processed from hairpin precursors by the ribonuclease III-like enzyme dicer (Carrington and Ambros, 2003; Bartel, 2004) . They silence genes through targeting cognate messenger RNAs (mRNAs) for degradation or translation repression, by binding to partial complementary cis-regulatory sites (miRNA binding sites) in target mRNAs.
A large number of miRNAs have been identified, and their diverse functions in plants and animals have led to widespread agreement over their importance (Buchan and Parker, 2007; Brodersen et al., 2008) . Increasing evidence indicates that miRNAs play essential roles not only in basic physiological processes but also in stress responses Wu et al., 2009) . Stress-regulated genes encoding important transcription factors have been found to be targets of miRNAs (Sunkar et al., 2006; Reyes and Chua, 2007) . Recently, miRNAs have been shown to play an important role in plant stress responses (Axtell and Bartel, 2005; Sunkar, 2010) . JonesRhoades and Bartel (2004) observed that expression of miR395 was increased during sulfate starvation, indicating that miRNAs can be induced by environmental stress. Chiou et al. (2006) reported miR399 was up-regulated during phosphate deficiency. Tolerance to heat stress is also an important area of research.
Understanding the miRNA-mediated stress regulatory network may provide new tools for genetic improvement of heat tolerance in dairy cattle. Regulatory mechanisms linking miRNAs and environmental stress factors, however, are rarely reported. Binding of miRNA to mRNA is critical for regulating mRNA and protein expression levels. However, binding can be affected by single nucleotide polymorphisms (SNPs) at the miRNA target site, which can abolish binding, or create illegitimate binding sites. A g. 4693 G>T mutation in the 3'-untranslated region (UTR) of HSF1 found previously affected thermo tolerance traits in Chinese Holstein cattle through association analysis. The mRNA expression of different HSF1 genotype varied in the liver under heat stress conditions. The expression of the g.4693 G>T-TT genotype mRNA was significantly higher than the g.4693 G>T-GG genotype (P < 0.05) (Li et al., 2011) , but the mechanism is not known. In this study, we identified a novel SNP of HSF1 and studied its role in thermo tolerance of cattle, and further researched the effects of g. 4693 G>T on binding of HSF1 and a miRNA.
MATERIAL AND METHODS

Animals and DNA extraction
Blood samples (N = 930) were collected by jugular venipuncture from multiparous Chinese Holstein cows on dairy farms. Genomic DNA was extracted using a previously described method (Huang et al., 2010) , then stored at -20°C until subsequent analysis. Rectal temperature, decrease rate of milk yield, and potassium content in erythrocytes were selected as criteria for a heat tolerant performance index and were measured according to the method previously described (Li et al., 2011) . Rectal temperature was recorded at 09:00, 14:00, and 17:00, and the average value was calculated daily in August. Decrease rate of milk yield was calculated using the equation: decrease rate of milk yield =(milk3-milk8)/milk3x100%, where milk3 is the calibrated milk yield during March and milk8 is the calibrated milk yield during August. For potassium content in erythrocytes determination, erythrocytes were diluted with distilled water, and 0.5mL of the sample was diluted at a ratio of 1:3. The potassium concentration in the red blood cell was determined in the spectrophotometer of an atomic absorption system (TAS-990, Purkinje General, Beijing, China).
Detection of SNPs and genotyping
Primers (F: 5'-AAGCCACTAAACAAACAGCA-3'; R: 5'-AGTCTTCTCCAGCACCACA-3'; product size 897 bp; annealing temperature 55°C) of bovine HSF1 (NCBI, NC_007311.3) were designed for fragment amplification by PCR. Polymorphic PCR amplified fragments were sent to Beijing Genomics Institute for sequencing. Sequence alignment was performed to screen SNPs of HSF1 using DNAStar software (DNASTAR, Inc., Madison, Wisconsin, USA); a single novel mutation g.1451 G>T was found. There was no natural endonuclease restriction site at this locus, and so creating restriction site-polymerase chain reaction (CRS-PCR) was used to genotype the polymorphic site. Primers for CRS-PCR (F: 5'-CCCATAGGGGCCAGTCTA-3'; R: 5'-CAAATGCCATCTCGTCC-3'; product size 263 bp; annealing temperature 59.9°C) were designed to amplify the fragment covering the SNP for genotyping. Mutant amplified products were found to have a natural XbaI endonuclease restriction site. Four microlitre PCR products of HSF1 gene fragment were digested with 5 U XbaI for 12 h at 37°C. Then the digested products were genotyped by electrophoresis in 10% polyacrylamide gel (39 acrylamide : 1 bisacrylamide).
Bioinformatics analysis
To identify the miRNA that may potentially regulate expression of HSF1, and with one SNP present in the seed sequence of miRNA, we computational nominated miRNAs that might contribute to HSF1 regulation. Targetscan prediction program (http://www.targetscan.org/vert_50/) was used to identify miRNAs targeting bovine HSF1. Minimum free energy hybridization of miRNA with HSF1 3'-UTR was predicted using RNAhybrid software (http://bibiserv2.cebitec.uni-bielefeld. de/ rnahybrid/).
Construction of 3'-UTR of HSF1 vectors
To construct 3'-UTR of HSF1 vectors, a specific forward primer HSF1-WT_F was designed to include an XhoI restriction site (bold, italicized), and a reverse primer HSF1-WT R incorporated a NotI restriction enzyme site. Primers design was carried out using the Primer Premier 5.0 software (PREMIER Biosoft, Palo Alto CA, USA) to amplify the 3'-UTR of HSF1 (Table 1) . DNA products were extracted and purified using a gel/PCR extraction kit (Biomiga, San Diego, CA, USA). Wild (g.4693 G>T-GG), mut 1 (g.4693 G>T-TT) and Mut2 (4693-4699, GTCGGAC) fragments covering the seed sequence region of bta-miR-484 binding to HSF1 3'-UTR were cloned into the pMIR-RB-REPORT TM vector (RiboBio, Guangzhou, China). Cloning was performed and used to transform Trans5a cells (Invitrogen, Life Tech, Carlsbad, CA, USA) which were plated on agar containing 100 mg/mL ampicillin and incubated at 37°C overnight; colonies were screened by PCR for the presence of the insert using primers F and R listed previously. Positive colonies were cultured in 10 mL lysogeny broth medium (Fisher BioReagents, Ottawa, Ontario, Canada) containing 100 mg/mL ampicillin and incubated at 37°C overnight. Plasmids were isolated using a Plasmid Miniprep Kit (Biomiga, San Diego, CA, USA) according to the manufacturer instructions, and plasmid DNA quantified using a NanoDrop ND-1000. Plasmids were sequenced to ensure that variation between sequences was at the SNP locus. 
Primers
Sequences of primers
Cell lines and reagents
Cells (HEK 293T) were maintained in Dulbecco's Modification of Eagle's Medium (DMEM supplemented with 10% fetal bovine serum (v/v), 1% nonessential amino acids, 100 U/mL penicillin, and 100 mg/mL streptomycin), at 37°C with 5% CO 2 , and were subcultured every other day. All reagents were from GIBCO (Gaithersburg, MD, USA). miRNA mimics and a non-target control were purchased from RiboBio (Guangzhou, China).
Transient transfection, and luciferase reporter assay
Cells were subcultured one day prior to transfection, and distributed into a 96-well culture tray containing 100 µL DMEM complete media per well. Once cells were at 80-85% confluency, they were transfected with 100 ng luciferase expression constructs and 50 nM miRNA mimics or a non-target control without a miRNA insert, using Lipofectamine TM 2000 (Invitrogen, Life Tech, Carlsbad, CA, USA). Approximately 48 h following transfection, cells were washed once with phosphate buffered saline and lyzed in Reporter Lysis Buffer (65 µLper well, Promega, Madison, WI, USA). Cell lysates were prepared and assayed for luciferase according to the manufacturer instructions (Promega, Madison, WI, USA). Transfection data were calculated from three repeated, independent transfections, using at least two independent preparations of DNA and plasmid clones. Activity was calculated as relative firefly luciferase activity at a 405 nm wavelength.
Statistical analysis
heterozygosity (He), effective number of alleles (N E ) and Hardy-Weinberg equilibrium were analyzed using the software program POPGENE32 (version1.31, Alberta, Canada). Pairwise linkage disequilibrum analysis was performed using SHEsis software (Shi and He, 2005; Li et al., 2009) . Associations between genotypes of HSF1 and the heat tolerant index were analyzed using the least squares method by general linear model (GLM) procedure of SAS software (SAS Inc., Cary, North Carolina, USA). The effects of farm, genotype, birth season and parity were set as fixed effects, and the animal's additive genetic effect and permanent environmental effect of individual cows were included as random effects in the linear model, using the following equation:
In the model above, Y ijkl is the observed value; μ, the overall mean; F i , G j , S k , P l i, the fixed effects of, respectively, farm, genotype, season and parity; and e ijkl is the random error.
The effect of bta-miR-484 on HSF1 expression was tested using a one-way ANOVA. Data were calculated as mean ± standard error of the mean (SEM). A value of P < 0.05 was regarded as significant.
RESULTS
Identification of SNP 1451 G/T
A novel SNP was discovered at position g.1451G>T, in the third intron of HSF1 (Figure 1) . At locus g.1451G>T, the genotype frequencies of GG, GT and TT were 0.6194, 0.3409 and 0.0398, respectively. The GG genotype frequency was higher than those of genotypes GT and TT. The allelic frequency of G and T was 0.7898 and 0.2102, respectively, and G was the predominant allele at position g.1451G>T. Results from χ 2 test analysis indicated position g.1451G>T met the Hardy-Weinberg equilibrium (n 2 = 0.6548, P > 0.05).
Genetic characteristics of the locus of HSF1 in Chinese Holstein cattle
In the Chinese Holstein population the genetic indices H E , N E , and PIC were 0.3320, 1.4971, and 0.2769, respectively. The level of genetic polymorphism was moderate according to the criterion of PIC (0.25 < PIC < 0.5) (Vaiman et al., 1994) . Pairwise linkage disequilibrium analysis showed that g.1451G>T and g.4693 G>T were not in linkage disequilibrium states (D' = 0.296, r 2 = 0.017).
Association between SNP and thermo tolerance of dairy cattle
SNP may affect phenotype,to investigate the genetic effect of SNP (g. 1451G>T), the association between SNP and thermo tolerance traits in 970 Chinese Holstein cows was analyzed. There was no significant difference in thermo tolerance traits between different genotypes (Table 2) , which further confirmed that g. 4693 G>T at 3'-UTR of HSF1 gene, which affects thermo tolerance traits that we have previously described (Li et al., 2011) , is a functional marker.
Activity analysis of HSF1 3'-UTR targeted by bta-miR-484
Targetscan predicted that bta-miR-484 is complementary to 3'-UTR of HSF1 gene. The SNP, g. 4693 G>T, of HSF1 was located in the seed sequence of the binding region. The introduction of mutations disrupted base pairing between the 3'-UTR of HSF1 and bta-miR-484.
RNAhybrid prediction showed that the minimum free energy hybridization of bta-miR-484 with HSF1 3'-UTR was -31.9 kcal/mol (Figure 3) . To validate whether HSF1 is directly targeted by bta-miR-484 in cattle, wild HSF1 3'-UTR sequence was cloned to a luciferase reporter expression vector and transfected into HEK293T cells. The repression of the luciferase activity was observed when bta-miR-484 was cotransfected with the HSF1-WT luciferase reporter vector, compared with the non-target control miRNA (P < 0.05) (Figure 4) . Data indicated that direct binding occurred between btamiR-484 and cloned HSF1 mRNA 3'-UTR sequence, through which bta-miR-484 exerted its inhibitory effect on the upstream luciferase gene. In addition, the relative Rluc/luc ratio of bta-miR-484 cotransfected with HSF1-WT was significantly lower than that for bta-miR-484 cotransfected with HSF1-Mut1 (P < 0.05). There was no significant difference between btamiR-484 cotransfected with HSF1-WT and bta-miR-484 cotransfected with HSF1-Mut2 (P > 0.05) ( Figure 5 ).
Effect of SNP (g. 4693 G>T) on targeting of bta-miR-484
In order to investigate the binding activity of HSF1 to bta-miR-484, and whether the SNP (g. 4693 G>T) affects this binding, three recombinant pMIR vector plasmids were successfully constructed and confirmed by sequencing. Following transient transfection of HEK293T cells, we observed that the fluorescence intensity of the T allele was higher than that of the G-allele construct at the same dose of bta-miR-484 (P < 0.05). The G-allele construct was silenced more efficiently than constructs with the T allele, suggesting that SNP (g. 4693 G>T) affects the binding of HSF1 to its target bta-miR-484. 
DISCUSSION
While stochastic or environmental effects modulate phenotypes, subjects with functional SNPs often exhibit phenotypic variation (Drogemuller et al., 2011) . Heat tolerance is characterized by decreases inmilk yield, potassium content in erythrocytes, and rectal temperature (Wang et al., 2013; Fang et al., 2014) . In this study, a novel SNP, g.1451G>T, was identified in the third intron of HSF1 in Chinese Holstein cattle, but was not found to affect thermo tolerance. On the other hand, another SNP that we have previously described, g. 4693 G>T, located in the 3'-UTR of HSF1,was further characterized in this study and found to influence thermo tolerance. Further studies are warranted to further analyze the function of this SNP. Abelson et al. (2005) showed that a 3'-UTR SNP in the human gene Slit and Trk-like 1(SLITRK1) strengthens an existing miR-189 target site, thereby enhancing down regulation of SLITRK1. Another study demonstrated that a 3'-UTR SNP in sheep myostatin gene (Gdf8) creates a new, illegitimate miRNA target site, leading to significantly decreased expression of Gdf8, and contributing to the development of muscular hypertrophy (Clop et al., 2006) . Micro RNAs regulate a variety of biological processes, such as cell growth, differentiation and apoptosis (Chen et al., 2004; Esau et al., 2004; Fazi et al., 2005; Chen et al., 2006; Krichevsky et al., 2006) . From this, it is apparent that genetic polymorphisms residing in miRNA-binding sites can alter miRNA-target interactions,resulting in differencesin target gene expression, which could in turn influence individual performances. In this work, we found that bta-miR-484 directly bound to the 3'-UTR of HSF1. It has been previously shown, by northern blot analysis, that miR-484 is predominantly located in the cytoplasm (Wang et al., 2014) . We compared the sequence of bta-miR-484 with that of 3'UTR of HSF1 and observed that the latter contains a target site for bta-miR-484.
Micro RNAs regulate gene expression by binding to the 3'-UTR of target gene transcripts (Bartel, 2009) . Variants, such as SNPs in miRNA regulatory regions, may result in altered mRNA or protein levels, and subsequent disease. The seed region of the miRNA (nucleotides 2-7 of the 5'-end) is considered one of the most important regions determining mRNA-targeting efficacy (Bartel, 2009) . In particular, miRNAs require almost perfect complementarities at the seed sites to bind targets (Brennecke et al., 2005) . In the present study, the SNP g. 4693 G>T was found to occur in the seed region of the bta-miR-484 binding site; the complementary nature of these sequences led us to consider whether bta-miR-484 could directly interact with HSF1.
A wild type luciferase construct of the 3'-UTR of HSF1 (Luc-HSF1-WT), and two mutated forms (Luc-HSF1-mut1 and Luc-HSF1-mut2) were produced, and bta-miR-484 was found to suppress the luciferase activity of HSF1, but had less effect on the mutated forms than on the wild type. The introduction of mutations disrupted base pairing between the HSF1 3'-UTR and bta-miR-484, indicating that the recognition of bta-miR-484 to HSF1 occurs in a sequence-specific manner. These results suggest that HSF1 interacts with bta-miR-484 via this putative binding site. We also observed that g. 4693 G>T, located in the 3'-UTR of HSF1, alleviated binding between HSF1 and bta-miR-484; this result was verified by in vitro transfection experiments.
Growing evidence indicates that complex crosstalk between environmental stressors and miRNAs exists, but regulatory mechanisms remain unclear. From this study, we conclude that altered bta-miR-484 binding to the 3'-UTR of HSF1 may participate in regulation of HSF1 expression, and may be involved in the heat stress response in dairy cattle.
